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Abstract 

Background: There is increasing interest in using chemicals measured in carpet dust as indicators of chemical 
exposures. However, investigators have rarely sampled dust repeatedly from the same households and therefore 
little is known about the variability of chemical levels that exist within and between households in dust samples. 

Results: We analyzed 9 polycyclic aromatic hydrocarbons, 6 polychlorinated biphenyls, and nicotine in 68 carpet- 
dust samples from 21 households in agricultural communities of Fresno County, California collected from 2003- 
2005. Chemical concentrations (ng per g dust) ranged from < 2-3,609 for 9 polycyclic aromatic hydrocarbons, from 
< 1-150 for 6 polychlorinated biphenyls, and from < 20-7,776 for nicotine. We used random-effects models to 
estimate variance components for concentrations of each of these carpet-dust chemicals and calculated the 
variance ratio, X, defined as the ratio of the within-household variance component to the between-household 
variance component. Subsequently, we used the variance ratios calculated from our data, to illustrate the potential 
effect of measurement error on the attenuation of odds ratios in hypothetical case-control studies. We found that 
the median value of the estimated variance ratios was 0.33 (range: 0.13-0.72). Correspondingly, in case-control 
studies of associations between these carpet-dust chemicals and disease, given the collection of only one 
measurement per household and a hypothetical odds ratio of 1.5, we expect that the observed odds ratios would 
range from 1.27 to 1.43. Moreover, for each of the chemicals analyzed, the collection of three repeated dust 
samples would limit the expected magnitude of odds ratio attenuation to less than 20%. 

Conclusions: Our findings suggest that attenuation bias should be relatively modest when using these semi- 
volatile carpet-dust chemicals as exposure surrogates in epidemiologic studies. 



Background 

Semi-volatile chemicals can accumulate in carpets over 
years and decades [1-3], and thus their concentrations 
in carpet dust could be useful surrogates for long-term 
indoor exposures in epidemiological studies [2,4-6]. 
Moreover, because dust ingestion or inhalation could be 
responsible for significant chemical exposures in young 
children [7-9], levels of chemicals in dust may be parti- 
cularly relevant in studies of childhood diseases. 

Although many researchers have measured chemicals 
in dust [10-12], few have sampled dust repeatedly in the 
same households [13-16] or characterized the variability 
of dust measurements within and between households 
[17,18]. In two studies that reported variance 
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components of dust levels (of pesticides, lead, and phe- 
nanthrene), large variance ratios {i.e., ratio of within- 
household variance component to between-household 
variance component, designated here as X) were 
observed [17,18]. Since, the degree of exposure measure- 
ment error increases directly with X, large values of this 
ratio indicate imprecise exposure classification. In an 
epidemiological study, exposure misclassification will 
tend to result in the observation of risk estimates that 
are smaller than the true risks, a phenomenon referred 
to as attenuation bias. To employ carpet-dust concentra- 
tions as surrogates for chemical exposure with confi- 
dence, investigators first need to know how variable 
these measurements are within a given household, that 
is, they need some measure of their reliability. 

Our objective in this analysis was to quantify the relia- 
bility of carpet-dust chemical concentrations as expo- 
sure measures for future epidemiological studies. We 
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analyzed 9 polycyclic aromatic hydrocarbons (PAHs), 6 
polychlorinated biphenyls (PCBs), and nicotine (as a sur- 
rogate for tobacco smoke) in repeated carpet-dust sam- 
ples. These semi-volatile chemicals are particularly 
suitable for measurement in household dust because 
they persist in the indoor environment [10], and their 
long-term exposures have been associated with health 
effects [2,6,19,20]. Using random-effects models of 
repeated carpet-dust measurements, we estimated var- 
iance ratios for each of these chemicals. Subsequently, 
using our variance ratios, we estimated the amount of 
attenuation bias that would be expected to occur in 
independent case-control studies that used these carpet- 
dust chemicals as exposure measures. 

Methods 

Study households 

We obtained dust samples from 21 households in 
Fresno County, California, from 2003-2005, as part of 
an investigation to estimate chemical exposures in resi- 
dences located in agricultural communities. The study 
protocols were approved by the Institutional Review 
Boards at Colorado State University and the National 
Cancer Institute, and we obtained written informed con- 
sent from all participating subjects. 

Collection of carpet dust 

We collected carpet-dust samples using a high-volume 
surface sampler (HVS3) as previously described [21]. 
Briefly, the interviewer selected a room on the side of 
the residence that faced agricultural crops, marked an 
approximately 4-foot by 6-foot area of a carpet or rug 
with tape, and vacuumed the surface in 3-inch strips, 
making four passes back and forth on each strip, until a 
10 mL of fine dust had been collected. With few excep- 
tions, all repeated samples we collected from a given 
household were from the same room. The median num- 
ber of measurements per household was n = 3 (range of 
n: 1-7) and the median duration between repeated visits 
was 5 months (range of 3-15 months). 

Laboratory chemical analysis 

We analyzed nine PAHs [benzo(a)anthracene, chrysene, 
benzo(a)pyrene, benzo(£>)fluoranthene, benzo(/:)fluor- 
anthene, indeno(i,2,3-c,d)pyrene, dibenzo {a, h) anthra- 
cene, coronene, and dibenzo(a,e)pyrene], 6 PCBs (PCB 
105, PCB 118, PCB 138, PCB 153, PCB 170, and PCB 
180), and nicotine in dust samples as previously 
described [21]. Briefly, we sieved each dust sample using 
a 100-mesh stainless steel sieve (< 150 um), extracted 
0.5 g of fine dust with either a 1:1 hexane:acetone mix- 
ture (PAHs, PCBs) or methylene chloride (nicotine), 
then cleaned the extract using solid phase extraction 
(for PAHs and PCBs), and analyzed the concentrated 



eluate with gas chromatography-mass spectrometry 
(GC-MS) using p, p-dibromophenyl and di 2 -benzo(e) 
pyrene as internal standards for quantitation. PAHs and 
PCBs were analyzed using an RTx-5 MS column (30 M, 
0.25 mm id, 0.25 um film) with a GC oven temperature 
programmed from 130-220°C at 27min and then 220- 
330°C at 107min. Nicotine was analyzed using a DB- 
1701 column (30 M, 0.25 mm id, 0.15 um film) with the 
GC oven temperature programmed 130-220°C at 2°C/ 
min and then 220-280°C at 107min. 

Statistical analysis 

Since the chemical concentrations were approximately 
log-normally distributed, we used the natural log-trans- 
formed values for all statistical analyses. We assigned all 
values below the limit of detection a concentration 
equal to the limit of detection divided by the square 
root of 2 [22]. We excluded chemicals that had detec- 
tion rates less than 75% from the random-effects model- 
ing (Le., PCB 105, PCB 118, and PCB 170). 

Random-effects models 

To estimate variance components, we used the one-way 
random-effects model, 

Yij = lnXy = fi Y + k + etj, (1) 

for i = 1,2, ...,k households and /' = 1,2,...,« repeated 
measurements, where 

Xij- the carpet-dust chemical concentration for the i th 
household on the /' repeated measurement; 

Yy= the natural log-transform of X^, 

fi Y = the true (logged) mean carpet-dust chemical con- 
centration for the population; 

bi= l^n -f*Yt and represents the random deviation of 
the / th household's true mean (logged) carpet-dust che- 
mical concentration, \i Yi> from fi Y > 

e ij= - and represents the random deviation of 
the observed (logged) carpet-dust chemical concentra- 
tion, Y^, from for the i th household on the / 
repeated measurement. 

We assumed b t and e,y are mutually independent and 
normally distributed random variables, with means of 
zero and variances cr^y an d a wY> representing the 
between-household and within-household variances, 
respectively. These assumptions have been validated 
using repeated measurements of occupational chemical 
exposures [23-25]. 

Using Proc Mixed (SAS v.9.1, Cary, NC) we fit the 
model described in Equation 1 and estimated variance 

components {^ Y '^wY' anc ^ ®y = ®wY + ^fcy) anc ^ variance 

» 2 

ratios, X = -rj-. Subsequently, we estimated the 

a bY 
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expected concentration fold range for 95% of measure- 
ments (i.e., the expected ratio of the 97.5 th percentile 
concentration to the 2.5 th percentile concentration) 

from a single household |^o.95 = exp3.92 x cr^yj and 

across all households in our study population 

= exp 3.92 x a bY \ [25]. 

Estimating attenuation bias 

In the context of a case-control study, the following 
logistic model could be used to assess the risk of disease 
associated with a particular carpet-dust chemical: 

Logit Z; = in (^Try) = P° + PlYl ' (2) 

where 

Z,= the disease status (1 or 0) of an individual in the 
i th household and Y; = the (logged) mean carpet-dust 
chemical concentration for the i th household. 

In this case, the expected value of the estimated logis- 
tic regression coefficient, Ef/Jj, is related to the true 
logistic regression coefficient, fi lt by the variance ratio, 
A, as follows [26]: 

E W = I7I- <3) 

n 

We define attenuation bias as the normalized differ- 
ence between the expected value of the estimated logis- 
tic regression coefficient and the true logistic regression 
coefficient: 

, E M- ft (4) 
ft 

We used Equations 3 and 4 to estimate the amount of 
attenuation bias that would be expected in case-control 
studies using carpet-dust chemicals as independent vari- 
ables in logistic regression analyses. For each chemical, 
using estimates of the variance ratio, x > from the appli- 
cation of the random-effects model (Equation 1), and an 
assumed true odds ratio of 1.5, we estimated the 
expected value for fa, the corresponding expected odds 
ratio, E[OR], and the expected amount of attenuation 
bias. It is worth noting that, in Equation 4, the magni- 
tude of the attenuation bias is independent of the true 
odds ratio. In our calculations we assume that the var- 
iance ratio for the case and control populations are the 
same (i.e., measurement error is assumed to be non- 
differential). 

Investigators can improve the precision of exposure 
estimates and, thereby, limit attenuation bias by making 



repeated exposure measurements and finding an average 
exposure level for each study subject over time. Com- 
bining Equations 3 and 4, it is possible to calculate the 
number of repeated measurements per household, n, 
that would be necessary to limit attenuation bias to a 
certain level as follows: 

X 



1+B 

Using our variance ratio estimates, we calculated the 
number of repeated measurements that would be neces- 
sary to limit the magnitude of attenuation bias to 20% 
in a case-control study using these carpet-dust chemi- 
cals as measures of exposure. 

Results 

Chemical concentrations in carpet dust 

Our analyses included 21 households with 68 carpet- 
dust measurements. As shown in Table 1, individual 
chemical detection rates ranged from 38 to 100% and, 
as shown in Table 2, individual chemical concentrations 
ranged from less than the limit of detection to a maxi- 
mum of 7,776 ng/g. We detected the 9 PAHs in a 
higher percentage of samples, and at higher median 
concentrations, than the 6 PCBs. The range in nicotine 



Table 1 Limits of detection and frequency of detection 
for 68 carpet-dust samples 



Chemical 


LOD, ng/g Detected 


% Detected 


Nicotine 3 


20 44 


77 


Benzo(a)anthracene b 


2 67 


100 


Chrysene 


2 68 


100 


Benzo(6)fluoranthene 


2 68 


100 


Benzo(/t)fluoranthene 


2 68 


100 


Benzo(o)pyrene 


2 66 


100 


lndeno(/,2,3-c,d)pyrene 


2 68 


100 


Dibenzo(a,h)anthracene 


2 66 


97 


Coronene 


4 68 


100 


Dibenzo(a,e)pyrene 


4 68 


100 


PCB 105 


1 26 


38 


PCB 118 


1 45 


66 


PCB 138 


1 52 


76 


PCB 153 


1 59 


87 


PCB 170 


2 28 


41 


PCB 180 


2 51 


75 



Dust samples were collected from 21 households of Fresno County, California 

from 2003-2005 

LOD = limit of detection 

a N = 57 for nicotine due to chemical interference during GC-MS analysis 
b N = 67 for benzo(o)anthracene due to chemical interference during GC-MS 
analysis 
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Table 2 Summary statistics for 68 carpet-dust samples 



Chemical 


Statistic 


Visit 1, N= 
21 


Visit 2, W= 
15 


Visit 3, W= 
12 


Visit 4, 
N= 9 


Visit 5, 
W= 5 


Visit 6, 
N= 4 


Visit 7, 
N= 2 


All Visits, 
W= 68 


Published 
Literature 3 


Nicotine 


Minimum 


< L0D 


< LOD 


< LOD 


< LOD 


< LOD 


133 


< LOD 


< LOD 


< 20 




Median 


350 


261 


355 


149 


180 


493 


108 


250 


265 




Maximum 


1544 


7776 


3964 


1670 


702 


759 


216 


7776 


35000 


Benzo(a) 
anthracene 


Minimum 


7 


11 


5 


8 


11 


8 


8 


5 


< 2 




Median 


28 


28 


33 


21 


15 


59 


27 


27 


25 




Maximum 


1272 


1014 


1178 


78 


34 


118 


46 


1272 


834 


Chrysene 


Minimum 


35 


40 


18 


26 


28 


19 


24 


18 


7 




Median 


76 


80 


90 


59 


32 


31 


43 


69 


73 




Maximum 


2867 


2669 


1887 


186 


105 


111 


62 


2867 


1547 


Benzo(fa) 
fluoranthene 


Minimum 


27 


27 


20 


25 


24 


18 


29 


18 


< 2 




Median 


68 


64 


78 


55 


29 


24 


43 


55 


59 




Maximum 


2660 


2062 


1874 


173 


99 


34 


58 


2660 


2450 


Benzo(/c) 
fluoranthene 


Minimum 


25 


22 


14 


14 


14 


13 


19 


13 


3 




Median 


94 


80 


79 


69 


17 


15 


25 


66 


40 




Maximum 


2413 


938 


1137 


109 


93 


18 


32 


2413 


814 


Benzo(a)pyrene 


Minimum 


4 


11 


5 


14 


19 


11 


20 


4 


< 2 




Median 


86 


29 


46 


27 


24 


18 


52 


33 


40 




Maximum 


2127 


1255 


1980 


164 


38 


31 


83 


2127 


1948 


lndeno(/,2,J-c,d) 


Minimum 


14 


23 


18 


24 


40 


3 


46 


3 


< 2 


pyrene 
























Median 


45 


57 


70 


43 


45 


15 


81 


48 


53 




Maximum 


1988 


1883 


3609 


294 


92 


65 


116 


3609 


2371 


Dibenzo(a,/i) 
anthracene 


Minimum 


< LOD 


6 


4 


4 


4 


4 


6 


< LOD 


< 2 




Median 


11 


11 


14 


11 


8 


6 


13 


10 


14 




Maximum 


570 


314 


408 


32 


33 


20 


19 


570 


393 


Coronene 


Minimum 


9 


17 


16 


25 


25 


32 


90 


9 


< 4 




Median 


44 


68 


63 


57 


52 


44 


95 


55 


94 




Maximum 


725 


705 


802 


113 


103 


79 


100 


802 


636 


Dibenzofae) 


Minimum 


6 


10 


9 


12 


16 


29 


71 


6 


< 4 


pyrene 
























Median 


16 


20 


24 


1 7 


33 


46 


82 


21 


27 




Maximum 


4 9 1 


375 


1 551 


1 54 


50 


62 


94 


1 551 


71 3 


PCB 105 


Minimum 


< LOD 


< LOD 


< LOD 


< LOD 


< LOD 


< LOD 


< LOD 


< LOD 


< 1 




Median 


< LOD 


< LOD 


< LOD 


1 


< LOD 


1 


4 


< LOD 


< 1 




Maximum 


54 


13 


10 


1 1 


10 


6 


8 


54 


49 


PCd 1 1 8 


Minimum 


< LOD 


< LOD 


< LOD 


< LOD 


< LOD 


< LOD 


< LOD 


< LOD 


< 1 




Median 


2 


4 


0.4 


3 


3 


2 


1 3 


3 


< 1 




Maximum 


150 


33 


29 


26 


23 


22 


27 


150 


95 


PCB 138 


Minimum 


< LOD 


< LOD 


< LOD 


< LOD 


3 


< LOD 


17 


< LOD 


< 1 




Median 


2 


6 


3 


4 


7 


13 


21 


5 


< 1 




Maximum 


118 


46 


31 


28 


25 


23 


26 


118 


145 


PCB 153 


Minimum 


< LOD 


< LOD 


< LOD 


< LOD 


2 


< LOD 


16 


< LOD 


< 1 




Median 


4 


4 


3 


3 


5 


10 


18 


4 


< 1 




Maximum 


100 


59 


28 


20 


22 


16 


19 


100 


176 



Whitehead ef al. Emerging Themes in Epidemiology 2012, 9:2 
http://www.ete-online.eom/content/9/1/2 



Page 5 of 9 



Table 2 Summary statistics for 68 carpet-dust samples (Continued) 



PCB 170 


Minimum 


< LOD 


< LOD 


< LOD 


< LOD 


< LOD 


< LOD 


< LOD 


< LOD 


< 2 




Median 


< LOD 


< LOD 


< LOD 


< LOD 


3 


3 


6 


< LOD 


< 2 




Maximum 


45 


44 


32 


17 


21 


9 


12 


45 


68 


PCB 180 


Minimum 


< LOD 


< LOD 


< LOD 


< LOD 


2 


< LOD 


7 


< LOD 


< 2 




Median 


4 


3 


2 


2 


4 


6 


25 


3 


< 2 




Maximum 


114 


97 


60 


37 


39 


30 


43 


114 


108 



Dust samples were collected from 21 households of Fresno County, California from 2003-2005 

a References for published literature summary statistics taken from Whitehead ef al. [27] (nicotine); Whitehead ef al. [3] (PAHs); and Ward ef al. [2] (PCBs) 



concentrations was larger than the range in concentra- 
tions of either PAHs or PCBs. 

Random-effects models 

Table 3 shows the results of the analysis using random- 
effects models for the 13 chemicals with at least a 75% 
detection rate. For all models, the between-household 
variance component was greater than the within-house- 
hold variance component (i.e., x < !)• The median 
within-household variance component estimate for 
PAHs was al Y = 0.38 (interquartile range, IQR: 0.21 - 
0.42), for PCBs it was a* Y = 0.41 (IQR: 0.36 - 0.51), and 
for nicotine it was ct^y = 1-33- For each of the 13 indivi- 
dual chemicals, the within-household variance compo- 
nent ranged from a^ Y = 0.16 (coronene) to tr^ y = 1.33 



(nicotine). Correspondingly, 95% of repeated coronene 
measurements from a household in our study popula- 
tion would be expected to lie within a 5-fold range ver- 
sus a 92-fold range for repeated nicotine measurements. 
The median between-household variance component 
estimate for PAHs was o£ Y = 1.20 (IQR: 1.00 - 1.27), for 
PCBs it was &l Y = 1.29 (IQR: 1.24 - 1.46), and for nico- 
tine it was a^ Y = 1.85. For each of the 13 individual 
chemicals, the between-household variance component 
ranged from o£ y = 0.77 [benzo(/r)fiuoranthene] to a^ Y = 
1.85 (nicotine). Correspondingly, 95% of the mean 
benzo(/c)fluoranthene concentrations from different 
households in our study population would be expected 
to lie within a 31-fold range versus a 207-fold range for 
mean nicotine levels. 



Table 3 Variance parameter estimates from random-effects model regression analyses of repeated measurements of 
carpet-dust chemicals 



Chemical 


Logged 
Study 
Mean jly 


Total 
Variance 

% 


Between- 
household 
variance &£ Y 


95% 
Confidence 
Interval 


Within- 
household 
variance 

& wY 


95% 
Confidence 
Interval 


Between- 
household fold 
range b R Q g5 


Within- 
household fold 
range w R 0 c, 5 


Variance 
Ratio 

X 


Nicotine 


5.5 


3.18 


1.85 


(0.33, 3.37) 


1.33 


(0.75, 1.91) 


207 


92 


0.72 


Benzo(a) 
anthracene 


3.5 


1.55 


1.24 


(0.36, 2.11) 


0.32 


(0.1 9, 0.45) 


78 


9 


0.26 


Chrysene 


4.5 


1.28 


1.07 


(0.34, 1.80) 


0.21 


(0.12, 0.29) 


58 


6 


0.19 


Benzo(b) 
fluoranthene 


4.4 


1.36 


1.20 


(0.40, 1 .99) 


0.16 


(0.1 0, 0.23) 


73 


5 


0.13 


Benzo(/t) 
fluoranthene 


4.3 


1.27 


0.77 


(0.13, 1.41) 


0.49 


(0.29, 0.70) 


31 


16 


0.64 


Benzo(a) 
pyrene 


3.8 


2.07 


1.41 


(0.28, 2.55) 


0.66 


(0.38, 0.94) 


106 


24 


0.47 


lndeno(/,2,3- 
c,rJ)pyrene 


4.2 


1.69 


1.27 


(0.35, 2.20) 


0.42 


(0.25, 0.59) 


83 


13 


0.33 


Dibenzofari) 
anthracene 


2.6 


1.70 


1.30 


(0.33, 2.27) 


0.40 


(0.23, 0.56) 


88 


12 


0.31 


Coronene 


4.1 


1.10 


0.94 


(0.30, 1.58) 


0.16 


(0.10, 0.23) 


45 


5 


0.17 


Dibenzofae) 
pyrene 


3.4 


1.37 


1.00 


(0.25, 1.74) 


0.38 


(0.22, 0.53) 


50 


11 


0.38 


PCB 138 


1.5 


2.25 


1.64 


(0.38, 2.91) 


0.60 


(0.35, 0.85) 


152 


21 


0.37 


PCB 153 


1.6 


1.61 


1.20 


(0.31, 2.08) 


0.41 


(0.24, 0.58) 


73 


12 


0.34 


PCB 180 


1.5 


1.60 


1.29 


(0.39, 2.18) 


0.32 


(0.19, 0.44) 


85 


9 


0.25 



Dust samples were collected from 21 households of Fresno County, California from 2003-2005 
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Attenuation bias estimates 

Table 4 shows the amount of attenuation that would be 
expected in odds ratios if case-control studies were to 
use each of the carpet-dust chemicals as independent 
variables in logistic regression analyses. For each of the 
13 chemicals with at least a 75% detection rate, expected 
bias was calculated using Equations 3 and 4 along with 
estimates of the variance ratio from Table 3. We found 
that, by definition, the magnitude of expected bias 
increased with the estimated variance ratio. For exam- 
ple, for the chemical with the smallest variance ratio 
[benzo(&)flouranthene, \ = 0.13], the expected odds 
ratio would be 1.43 assuming only one measurement 
from each household (i.e., n = 1), indicating a -12% bias 
(true odds ratio = 1.5). However, for the chemical with 
the highest variance ratio (nicotine, x = 0.72); the 
expected odds ratio under the same conditions would 
be 1.27, a -42% bias. 

Figure 1 shows plots of the relationship between the 
expected odds ratio and the number of repeated mea- 
surements per household, using the estimated variance 
ratios from Table 3 and assuming a true odds ratio of 
1.5 for PCB 153, benzo(a)pyrene, and nicotine. For each 
of the carpet-dust chemicals, Table 4 indicates that the 
number of repeated measurements necessary to limit 



O 

^3 



w 

CM 

o 



> 1.3 



1.2 



— True OR 
■ PCB 153 
+ Benzo(a)pyrene 
A Nicotine 



123456789 10 
Number of Repeated Measurements (n) 

Figure 1 Expected odds ratio attenuation. Odds ratio attenuation 
in case-control studies that used (logged) carpet-dust chemica 
concentrations as measures of exposure, given various sampling 
strategies; for PCB 153 (squares), benzo(a)pyrene (crosses), and 
nicotine (triangles). 



attenuation bias to -20% ranged from 1 to 3 measure- 
ments per household. 

Discussion 

Our results can guide epidemiologists in developing 
sampling strategies for using household dust as a 



Table 4 Attenuation bias due to measurement error 



Chemical 


True 
Odds 
Ratio (OR) 


True Logistic 
Regression 
Coefficient (/?,) 


Estimated 
Variance 
Ratio 

X 


Expected Logistic 
Regression Coefficient 

E[4iJ 


Expected 
Odds Ratio E 
[OR] 


Expected 
Attenuation 
Bias (6) 


No. of Repeats to 
Limit Bias to 20% 

(n) 


Nicotine 


1.50 


0.41 


0.72 


0.24 


1.27 


-0.42 


3 


Benzo(a) 
anthracene 


1.50 


0.41 


0.26 


0.32 


1.38 


-0.21 


2 


Chrysene 


1.50 


0.41 


0.19 


0.34 


1.40 


-0.16 


1 


Benzo(b) 
fluoranthene 


1.50 


0.41 


0.13 


0.36 


1.43 


-0.12 


1 


Benzo(fc) 
fluoranthene 


1.50 


0.41 


0.64 


0.25 


1.28 


-0.39 


3 


Benzo(a) 


1.50 


0.41 


0.47 


0.28 


1.32 


-0.32 


2 


pyrene 
















lndeno( 7,2,3- 
c,d)pytene 


1.50 


0.41 


0.33 


0.30 


1.36 


-0.25 


2 


Dibenzo(a,/i) 
anthracene 


1.50 


0.41 


0.31 


0.31 


1.36 


-0.23 


2 


Coronene 


1.50 


0.41 


0.17 


0.35 


141 


-0.15 


1 


Dibenzo(a,e) 


1.50 


0.41 


0.38 


0.29 


1.34 


-0.27 


2 


pyrene 
















PCB 138 


1.50 


0.41 


0.37 


0.30 


1.35 


-0.27 


2 


PCB 153 


1.50 


0.41 


0.34 


0.30 


1.35 


-0.25 


2 



PCB 180 1.50 0.41 0.25 0.33 1.38 -0.20 1 



Expected logistic regression coefficients were calculated using Equation 3 assuming a true odds ratio of 1.5, a case-control study without repeated 
measurements, and the variance ratios for carpet-dust chemicals measured in the 21 households of Fresno County, California from 2003-2005. Estimates of B and 
n were calculated using Equations 4 and 5, respectively 
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medium for estimating exposures to PAHs, PCBs, or 
nicotine in their studies. Generally, investigators can 
improve the precision of their exposure estimates and 
limit attenuation bias by making repeated exposure 
measurements on each study subject. However, the ana- 
lytical advantages of a repeated sampling design must be 
balanced with the practical concerns of a study's sche- 
dule and budget. By evaluating Equation 5 with our own 
variance ratio estimates, we provide future investigators 
a blueprint for obtaining precise exposure estimates 
without unnecessarily inflating study costs. As shown in 
Table 4, we found that, for each chemical we analyzed 
in carpet dust, three repeated dust measurements per 
household would be sufficient to reduce the magnitude 
of attenuation bias to less than 20%. From a practical 
standpoint, investigators could resample a particular car- 
pet area as frequently as once a month. However, to 
observe (and adjust for) seasonal variation that may 
exist in carpet-dust chemical levels it would appropriate 
to sample over the course of an entire year. Moreover, 
for an investigator to estimate exposures that occurred 
in the distant past, it could be useful to collect samples 
over an even longer period of time. Indeed, for retro- 
spective exposure assessment, increasing the duration of 
the dust collection period would enable an investigator 
to observe (and adjust for) any long-term time trends 
that may exist in carpet-dust chemical levels. 

Moreover, if repeated sampling would not be feasible, 
Table 4 indicates that for 10 of the 13 chemicals ana- 
lyzed, the expected magnitude of attenuation bias would 
still be less than 30%. Notably, nicotine, the most volatile 
chemical analyzed in our study, had a larger variance 
ratio than any of the PAHs or PCBs. Based on this obser- 
vation, it is possible that carpet-dust concentrations of 
more volatile compounds will be more variable over time. 

Our findings are based on a limited sample size (68 
dust measurements from 21 households), and our var- 
iance ratio estimates are consequently somewhat impre- 
cise (see Table 3). Moreover, our findings are based on 
dust measurements from only one surface type (carpets) 
and for only one general class of chemicals (semi-vola- 
tiles). However, we are confident that our findings will 
be externally valid and useful for other investigators 
measuring these same chemicals in dust. Notably, the 
dust concentrations of chemicals measured in our study 
(Table 2) were generally similar to the concentrations 
reported in recent studies of other households in Cali- 
fornia with respect to both the medians and the ranges 
of concentrations [2,3,27]. 

Unfortunately, it is difficult to compare our findings to 
those from two other studies that repeatedly sampled 
dust from the same households over time and reported 
corresponding variance components [17,18], because 



these studies published estimates for different chemicals 
in dust (i.e., pesticides, lead, and phenanthrene). How- 
ever, our estimated variance ratios (Table 3) were quite 
similar to those we estimated using unpublished data 
from Egeghy et al. for several PAHs that were measured 
in household dust from both studies (Additional file 1). 
The similarity of variance ratios from two independent 
populations lends credibility to our findings and sug- 
gests that the levels of variability we observed in semi- 
volatile carpet-dust chemicals may be generalized to 
other populations. 

In using the random-effects model to estimate variance 
components, we implicitly assume that each household 
has a true underlying mean dust concentration (for each 
chemical) that remains constant over the course of the 
study (i.e., ft Y + As such, we interpret any deviation 
from a household's true mean level as measurement 
error or random within-household variability. It is possi- 
ble that some of the "random" variability that we 
observed is due to changes in the sources of chemical 
contamination in the homes, seasonal variations in tem- 
perature or ventilation practices, or other unaccounted- 
for factors that changed during the course of the study. 
Indeed, since our dust samples were collected over the 
period of 3 years, it is possible that true mean concentra- 
tions of chemicals in household dust did change some- 
what over time. Consequently, the long-term timing of 
our sampling could have artificially inflated the within- 
household variance component, causing us to overesti- 
mate the variance ratios and the associated attenuation 
bias. Nevertheless, our random-effects model should pro- 
vide a conservative estimate of the reliability of chemicals 
measured in carpet dust as measures of exposure. 

One limitation of our method for predicting attenua- 
tion bias is that we specified that the variance ratios 
from the case and control populations were the same (i. 
e., measurement error was defined as non-differential) 
in Equation 3. In retrospective case-control studies, car- 
pet-dust chemicals will be measured after disease diag- 
nosis. In this scenario, case subjects could be more 
likely to change their behaviours between diagnosis and 
dust collection. If cases alter behaviours that result in 
changes to carpet-dust chemical levels, differential mea- 
surement error could occur. In the more complex situa- 
tion in which case and control populations have 
differential measurement errors, Equation 3 would be 
only approximate. We were unable to evaluate whether 
variance ratios for concentrations of carpet-dust chemi- 
cals actually differ for case and control populations. 

Conclusions 

In summary, we found that estimates of variance ratios 
of carpet-dust PAHs (0.13 < i < 0.64), PCBs (0.25 < i 
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< 0.37), and nicotine (x = 0.72) were modest for the 21 
homes in our study area. Though based on a limited 
number of measurements (N = 68), our findings suggest 
that the use of carpet-dust samples as measures of expo- 
sure to these 13 chemicals will result in relatively small 
levels of attenuation bias due to exposure measurement 
error. Moreover, we have presented a simple guide for 
investigators to create efficient study designs that will 
limit bias in future studies that use dust to measure 
exposures to PAHs, PCBs, or nicotine. 
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